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Abstract 
A simple and rapid method to determine the minimum miscibility pressure (MMP) of crude oils with injected fluids such as CO2, 
natural gas hydrocarbons, and mixtures of different fluids was developed based on determining the pressure at which the 
interfacial tension between the injected fluid and crude oil phases decreases to zero. The height of a column of oil in capillary 
tubes suspended in a pool of crude oil is measured at different pressures of the injected fluid, and linear pressure versus height 
plots are extrapolated to zero height to determine the MMP value. Replicate MMP determinations show good reproducibility, 
with relative standard deviation (RSD) values less than 5%. The method has been used to investigate the effect of reservoir 
conditions on MMP, such as reservoir temperature (increasing the temperature greatly increases the MMP), the presence of 
natural gas components on CO2 MMP (e.g., MMP is raised with increasing amounts of methane), to comparing MMP values with 
different injected fluids such as pure CO2, and methane. 
 
Video recordings of the MMP determinations showed that significant oil mobilization into the injected fluid occurs even below 
MMP, and additional oil is mobilized as the pressure is increased above MMP. Similarly, significant oil is precipitated as the 
pressure is decreased from above MMP to the MMP and pressures below MMP. To confirm these visual observations, the oil 
suspended in the upper injected fluid (e.g., CO2) was collected at pressure, and analyzed to determine the mass of mobilized oil 
as well as the molecular weight distribution of the hydrocarbons in the injected fluid (upper) phase. These analyses demonstrated 
that increasing the pressure above the MMP (e.g., to 2300 psi for an oil with an MMP of 1450 psi) can double the amount of 
hydrocarbons mobilized into the injected phase. Similarly, when the pressure is dropped, significant precipitation of mobilized 
hydrocarbons occurs even though the pressure is still above MMP. Lower molecular weight hydrocarbons are preferentially 
mobilized at all pressures, but especially at lower pressures, indicating that higher molecular weight hydrocarbons could largely 
remain in the reservoir during EOR floods. 
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Introduction 
 The behavior of injected CO2 and its interactions with reservoir fluids has received considerable attention in 
recent years. Studies include solubility and phase trapping in saline reservoirs and miscibility studies for enhanced 
oil recovery (EOR) [1-4], but in the context of CO2 storage have not generally considered interactions with oils that 
are also in the pore space. The presence of an immobile (residual) oil phase in many saline reservoirs has become 
more widely recognized, and evaluations of CO2 storage in those types of reservoirs will need to include three-
phased interactions.  
 CO2 is widely understood to mobilize otherwise immobile oil. The processes involve several mechanisms 
including hydrocarbon solvation into the CO2 phase, physical displacement, oil swelling, lowered oil viscosity, and 
the formation of a separate "miscible" CO2/hydrocarbon mixed phase as the CO2 contacts lighter hydrocarbons. This 
mixed phase is common as reservoir pressures approach 1000 psi and has been simply characterized as a minimum 
miscibility pressure (MMP) needed for thorough mixing. MMP is a major input variable for models used to optimize 
enhanced oil recovery (EOR). Long-established methods to determine MMP of crude oil (e.g., slim tube, rising 
bubble) can be costly, slow, and subject to operational variations. In contrast, newer vanishing interfacial tension 
(VIT) methods rely on a more fundamental definition of miscibility, i.e., the conditions at which there is no 
interfacial tension (IFT) between the two fluids. IFT is measured at different pressures by observing the height of oil 
in a capillary tube (with accurately known internal diameter) and the density of both fluids at each experimental 
pressure, a requirement that greatly increases the cost and complexity of the instrumentation and operation [1,3]. 
Fortunately, it is not necessary to measure IFT at several pressures to determine when the IFT goes to zero since a 
plot of the oil height in the capillary tube versus pressure will intercept the pressure axis at the same value as the IFT 
data [4]. That is, both zero IFT and zero capillary rise height occur at the same pressure. This approach yields linear 
plots, and no density measurements are needed, which greatly reduces instrument cost and experimental complexity. 
While MMP is sometimes viewed as a "line in the sand" where oil mobilization only occurs at values near or above 
MMP, videos of the experiment show that there is no clear distinction in hydrocarbon mobilization below, at, and 
above MMP pressures. The purpose of the present study is to investigate reservoir conditions that affect MMP, as 
well as to determine the quantity and type of oil hydrocarbons mobilized at pressures below, at, and above MMP. 
 
Methods 
 A high pressure view cell (Inferno Inc., Shreveport, Louisiana, USA) was mounted in a gas chromatographic 
oven that had the oven door modified to mount a 1.3 cm (1/2-inch) thick polycarbonate window. A video camera 
was mounted on the oven door so that the inside of the view cell could be recorded through the 1.9 cm diameter  
view cell window. As shown in Figure 1, three capillary tubes (inner diameters of 0.68, 0.84, and 1.12 mm) were 
suspended in a pool of oil placed at the bottom of the cell. Prior to loading the oil, the cell was swept with the test 
fluid (typically CO2) to remove atmospheric nitrogen. After loading ca. 3 mL of the oil, the view cell was placed in 
the GC oven and equilibrated to the test temperature for one hour prior to stepwise pressure additions of the CO2 (or 
other fluid). The height of the oil column in each capillary at each test pressure was measured and the resultant 
linear height vs. pressure plots were extrapolated to zero height with the intercept being the MMP pressure.  
 The same cell (without the capillaries present) was also used to obtain videos of oil behavior as the injected CO2 
pressure was increased from ambient to the MMP and above, and as the pressure was subsequently lowered back 
down to below MMP. Finally, samples of the oil mobilized into the CO2 were collected at pressure from the top of 
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the cell using a proprietary method, and analyzed using high-resolution gas chromatography coupled with flame 
ionization detection (GC/FID). 
 
Results and Discussion 
 The view cell with the mounted capillaries is shown in Figure 1 prior to CO2 injection (left side) and as the 
injected CO2 pressure approached MMP (right side). Video recordings of the oil height are measured from the pool 
of oil to the height of the oil in each capillary at each test pressure, and the resultant data is plotted as oil height vs. 
pressure. As shown in Figure 2, the height versus injected CO2 pressure plots from the three different capillary 
diameters show good linearity, and multiple data points are obtained from one single experiment. Values determined 
from the three different capillary diameters typically agree within 2 or 3 percent, while multiple experiments with 
new loads of oil typically have RSDs less than 5%.  
 Each experiment requires approximately 3-4 hours, including assembling and loading the cell, temperature 
equilibration for one hour, and the pressure steps as shown in Figure 2. With this simplified approach, MMP values 
can be rapidly and cost-effectively determined allowing the effects of multiple parameters on MMP to be 
investigated including (but not limited to) the effects of various reservoir conditions such as temperature, changing 
gas composition (e.g., the effect of methane in re-injected CO2 during EOR), and changes in crude oil composition 
on MMP. For example, the effect of temperature on MMP was investigated for a single crude oil at a conventional 
reservoir temperature (42°C), and a temperature typical of the Bakken formation (110°C). As shown in Table 1, 
higher temperature reservoirs require much higher pressures to obtain MMP, even with the same crude oil. 
 An additional application of the method was to investigate the effect of hydrocarbon gases on MMP, such as the 
presence of methane in captured and re-injected CO2 used for EOR. As shown in Table 1, the MMP of crude oil 
exposed to different pressures of methane significantly raised the MMP of the crude oil when CO2 was injected after 
the methane exposure. 
  
     
Figure 1.  High pressure view cell with capillary tubes suspended in crude oil before pressurization with CO2 (left) 
and at a pressure just below MMP (right).   
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 The MMP tests also showed that dramatic oil/CO2 interactions occurred both below, at, and above MMP, and 
led us to focus on such processes by visually observing the behavior of crude oil/CO2 mixtures at reservoir 
conditions as the CO2 pressure was raised from below to above MMP, followed by a controlled depressurization to 
observe the oil behavior as pressure was reduced (e.g., as could occur between the injection and production wells).  
 Figure 3 shows the oil/CO2 interactions that occurred at different pressures for a crude oil having an MMP of 
1450 psi. The pressure scenario shown in Figure 3 was used to simulate a proposed CO2 injection into a 
conventional reservoir. CO2 injection was anticipated to be 2300 psi, substantially above MMP. As shown in Figure 
3, high-pressure view cell videos of CO2/oil interactions show that achieving MMP is not a "magic" condition 
required for oil mobilization, and that significant mobilization is occurring at pressures below the crude's MMP of 
1450 psi. Similarly, visual observations show that additional oil continues to be mobilized as the pressure was raised 
above MMP (Figure 3). Finally, as the pressure was dropped from the injection pressure (as might occur from 
injection to production wells), oil hydrocarbons increasingly precipitated from the CO2 phase, with apparent dew 
point condensation and "rain out" of the oil hydrocarbons from the CO2-dominated phase occurring near the MMP 
pressure.  Higher molecular weight hydrocarbons precipitated substantially more than lower molecular weight 
hydrocarbons, but precipitation occurred over the entire molecular weight range. 
 However, since visual observation of the CO2/crude oil behavior could be deceiving, a method was developed 
to allow sampling of the upper (CO2) mobile phase without disturbing either the pressure or temperature of the 
system. The pressure scenario just described for the conventional reservoir EOR was used, and each pressure step 
was performed multiple times with fresh crude oil. 
 As shown in Figure 4, the effect of increasing the CO2 pressure from 1500 psi  (just above the MMP of 1450 
psi) to  the reservoir injection pressure of 2300 psi is dramatic, both from the quantity of oil mobilized into the CO2 
phase and in the molecular weight distribution of the mobilized hydrocarbons. Even though 1500 psi is above the 
crude oil's MMP of 1450, the total amount of oil hydrocarbons in the CO2 phase is approximately doubled when the 
pressure is raised to 2300 psi. Similarly, the mobilization of middle- and higher molecular weight hydrocarbons is 
substantially better at the higher pressure. 
 Figure 5 shows the results of an oil mobilization experiment meant to mimic pressure changes that could occur 
from the CO2 injection to production wells. In this study, the sample crude oil was pre-equilibrated with CO2 at 2300 
psi, then the pressure was slowly dropped from 2300 psi to either 1500 psi (just above MMP) or 1250 psi (below 
MMP, but still dense phase CO2). As shown in Figure 5, approximately 1/3 of the total oil hydrocarbons found in the 
CO2 phase were lost to the bulk oil phase when the pressure was dropped to 1500 psi, even though 1500 psi is still 
above MMP. Furthermore, when the pressure was dropped to below the MMP (1250 psi), nearly all of the mobilized 
oil precipitated out of the CO2 phase, and virtually all of the middle and higher molecular weight hydrocarbons were 
lost from the CO2 phase. These results indicate that pressure drops that can occur during EOR as the fluids move 
towards the production well not only could reduce oil yields significantly, but could lead to deposition of the higher 
molecular weight hydrocarbons and possible plugging of reservoir rock pores. 
 
Table 1. The effects on crude oil MMP of different reservoir temperatures and the presence of methane in CO2. 
 
Crude Oil Injected fluid Temperature , °C MMP, psi 
Conventional pure CO2 42 1442 ± 29 
Conventional CO2/100 psi CH4 42 1576 ± 30 
Conventional CO2/700 psi CH4 42 2471 ± 27 
Bakken pure CO2 110 2685 ± 27 
Bakken pure CO2 42 1316 ± 24 
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Figure 2. Height vs. injected pressure plots from a CO2 injection of Bakken crude oil at reservoir temperature (110° 
C). Linear extrapolation to the X-axis yields MMP values for the three capillaries of 3738, 3632, and 3628, with a 
relative standard deviation of ca. 2%. 
 
Conclusions 
 The capillary rise (vanishing interfacial tension) technique is inexpensive to implement, and since multiple 
determinations can be performed in a day, allows a practical way to monitor MMP (e.g., changing MMP of the 
crude oil as a field is produced), as well as to investigate a variety of effects that could impact CO2 EOR processes 
ranging from the effects of reservoir temperature to the effects of mixed fluids such as the impact of reservoir gases 
on CO2 MMP that could occur during the injection of recycled CO2. Even though MMP is a critical parameter in 
performing CO2 EOR, these investigations indicate that MMP is not a "line in the sand" where oil mobilization into 
the injected CO2 phase is controlled primarily by MMP, and shows that major changes in both the quantity of 
hydrocarbons mobilized and the molecular weight distribution are both greatly controlled by pressure including 
pressures below, at, and above MMP. However, it must be noted that these mobilization studies only address 
oil/CO2 behavior in their bulk phases, and do not address other important EOR processes such as oil swelling, 
decreased oil viscosity, and the general "flushing" mechanisms that impact EOR efficiencies.  
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Figure 3. High pressure view cell photos of a conventional crude oil with an MMP of 1450 exposed to CO2 at 42°C.  
Photos are (upper row from left to right) ambient pressure, 1250 psi, 1450 psi (MMP), (lower row from left to right) 
2300 psi, pressure reduced to 2000 psi, followed by additional pressure reduction to the MMP (1450 psi).  
 
7730   Steven B. Hawthorne et al. /  Energy Procedia  63 ( 2014 )  7724 – 7731 
 
Figure 4. Hydrocarbons mobilized into CO2 from crude oil from a conventional reservoir at 42°C. 
 
 
 
 
Figure 5. Loss of hydrocarbons mobilized into CO2 from a conventional crude oil at 42°C as pressure is reduced 
from injection pressure (2300 psi) to just above the MMP of 1450 psi (1500 psi down), and then to 1250 psi. 
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